and Hekimi, 1998). Caloric restriction prolongs life span in virtually all animals in which it has been studied, but it remains unclear by which mechanisms (Sohal and Weindruch, 1996) .
Embryonic lethality 0.7% 1.9% 1% (n ϭ 300) (n ϭ 310) (n ϭ 300) Postembryonic lethality 1% 2.5% 0.5% (n ϭ 300) (n ϭ 310) (n ϭ 300) Embryonic development (hours) 15.3 Ϯ 1.3 25.7 Ϯ 2.4 15.1 Ϯ 1.1 (n ϭ 103) (n ϭ 124) (n ϭ 45) Postembryonic development (hours) 44.9 Ϯ 1.6 100.5 Ϯ 14.8 68.4 Ϯ 2.6 (n ϭ 120) (n ϭ 160) (n ϭ 264) Defecation cycle (seconds) 57.3 Ϯ 1.8 121.3 Ϯ 2.1 89.5 Ϯ 12.1 (n ϭ 25) (n ϭ 25) (n ϭ 25) Egg production rate (eggs/hour) 6.4 Ϯ 0.5 1.3 Ϯ 0.4 2.8 Ϯ 0.2 (n ϭ 100) (n ϭ 100) (n ϭ 100) Self-brood size 319.7 Ϯ 21. increased life span is abolished by a mutation that dein the iron sulfur protein of mitochondrial complex III decreases mitochondrial respiration, results in increased creases the activity of a cytosolic catalase (Taub et al., 1999) . These observations are highly suggestive, given resistance to ROS, and increases life span. We show that combining this mutation with a daf-2 mutation that the large body of data that suggests an involvement of oxidative stress in aging and aging-related diseases confers protection from ROS does not result in any further increase in life span. We conclude that the life span (Beckman and Ames, 1998; Wallace, 2001). However, there are many other differences between daf-2 mutants increase observed in the slowly respiring mutant isp-1 (qm150) is indeed due to low endogenous ROS. These and wild-type animals besides resistance to oxidative stress (Gems et al., 1998). Thus, at present, the evidence findings also indicate that the maximum life span increase that can be obtained by decreasing oxidative is extensive but only correlative that the long life of daf-2 mutants is in fact due to their greater resistance stress is reached in these mutants. to oxidative stress.
In Drosophila, it has been possible to increase life Results and Discussion span by transgenic expression of enzymes such as SOD and catalase, which protect from oxygen radicals A Genetic Screen for Clk-like Mutants (Parkes et al., 1998; Sun and Tower, 1999). However, it
The major endogenous source of ROS is mitochondrial is difficult to formally demonstrate by these transgenic electron transport (Raha and Robinson, 2000). We reamethods that oxidative stress normally limits the life soned that a mutation that would reduce electron transspan of the organism. Indeed, transgene expression port would produce a hypometabolic phenotype not might alter the animal's physiology in unpredictable very different from that of severe clk mutants, that is, ways that could affect life span only indirectly (Sohal et slowed physiological rates, in particular, slowed develal., 2000). opment, behaviors, and reproduction. However, it is unIn mice, it has been found that the heterozygous state likely that mutations in components of the electron of sod2(ϩ/Ϫ) knockout mice is sufficient to accelerate transport chain itself could be rescued by a maternal the aging process in these animals (Kokoszka et (1.5-to 5-fold) in the mutant than in the wild-type, with progeny was analyzed, and it was found that all slowly developing animals (qm150 homozygotes) were still the egg-laying rate being the most severely affected suppressed and thus appeared to be still carrying feature. In addition, the rate of aging appears to be qm189. In the reciprocal cross, however, when the douslowed down as the mean and maximum life span of ble qm150;qm189 mutant males were mated to wildthe mutants are dramatically increased. Remarkably, in type hermaphrodites and the F2 progeny was analyzed, spite of these severe phenotypes, these animals appear it appeared that none of the slowly developing animals very healthy, for example, embryonic and postembry-(qm150 homozygotes) were suppressed; that is, they onic lethality remain very low (Table 1) .
were all developing as slowly as animals of the original qm150 strain and therefore did not carry the qm189 qm189: A Spontaneous Mitochondrial Suppressor mutation. These results are consistent with the suppresof qm150 sor mutation segregating with the cytoplasm of oocytes During the process of culturing the qm150 strain, we and therefore being encoded by the mitochondrial identified a rare spontaneous partial suppressor of the genome. qm150 phenotype. This suppressor completely suppresses the slow embryonic development of qm150 muqm150 Is a Mutation in the Iron Sulfur Protein tants (Figure 1 We mapped qm150 to the right of unc-24 on chromosuppress the very long life span (Figure 1; Table 2 ). some IV and molecularly identified the gene by transIn the process of analyzing this suppressor genetically formation rescue using genomic clones and PCR ampliwe discovered that it displayed cytoplasmic inheritance fication products from that region. A genomic region and, thus, was likely to be encoded by the mitochondrial containing only the predicted gene F42G8.12, which genome. In brief, animals of the strain carrying both codes for the worm iron sulfur protein (ISP) of mitochonthe qm150 and the suppressor (qm189) mutations were drial complex III (Figure 2A) (Figure 2A) . isp-1(qm150) is a point mutation at residue 225 that changes a proline into a serine. Prolines are known to be important structurally, as they make the peptide backbone locally rigid. Furthermore, proline 225 is in close proximity to the prosthetic group and is part of the structure that holds it in place (Gatti et al., 1989). Thus, the mutation presumably affects the properties of the iron sulfur center directly through a local distortion of the structure, which could also alter its redox potential, as is observed in a similar yeast mutant (Gatti et al., 1989). The mutation appears to be homoplasmic; that is, all the mtDNA molecules carry the mutation, as no signal corresponding to the wild-type sequence was observed in the product amplified from the ctb-1(qm189) strain. Furthermore, the mutation cannot be lost from the mitochondrial DNA pool, even in the absence of phenotypic selection by the presence of the isp-1(qm150) mutation. Indeed, when the isp-1(qm150);ctb-1(qm189) strain is backcrossed with wild-type males and the suppressor mitochondria are kept associated with a wild-type nuclear genome for a few generations, the mtDNA still carries A170V, and the mutant cytoplasm is still capable of suppressing the isp-1(qm150) phenotype when in a qm150 homozygous background (see Experimental Procedures). No phenotype was found associated with the presence of ctb-1(qm189) in a isp-1(ϩ) background.
The mechanism of electron transfer from ubiquinol at its binding site on cytochrome b to cytochrome c1 is believed to involve a molecular movement and a change of conformation of the head of ISP (that carries the 2Fe-2S group) from a docking surface on cytochrome b, where it has received an electron from ubiquinol, to a position where it interacts with cytochrome c1 ( Figure  2C is generated that can react with molecular oxygen to form ubiquinone and the oxygen radical superoxide (
• O 2 ). Superoxide can be transformed into peroxide (H 2 O 2 ) by the action of the enzyme superoxide dismutase (SOD). Peroxide can be detoxified to water and molecular oxygen by the action of the enzyme catalase but can also yield the highly reactive hydroxide radical ( • OH). As the semiquinone is the origin of the series of reactions that produce ROS, the rate of semiquinone production in these reactions might strongly determine the rate of subsequent ROS production. , 1999) , isp-1, and daf-2;isp-1 mutants have high levels of sod-3. daf-16, which is known to suppresses this effect in daf-2, also suppresses the increased level of sod-3 in isp-1 mutants. Highly similar results were found using young adults (data not shown).
Oxygen Consumption Is Reduced
by placing live animals in a closed chamber and monitoring oxygen concentration with an oxygen electrode (Tain isp-1(qm150) Mutants The simplest hypothesis to account for the phenotypes ble 1) (see Experimental Procedures). The oxygen consumption of the isp-1 mutants is reduced approximately of isp-1 and isp-1;ctb-1 is that the isp-1(qm150) mutation somehow slows down the rate of electron transfer 2-fold, and ctb-1(qm189) partially reestablishes a higher oxygen consumption. We found that oxygen consump-(and thus ATP generation) and that ctb-1(qm189) partially reestablishes a higher rate. Possible mechanisms tion in the wild-type and the mutants is cyanide sensitive, indicating that this consumption is indeed the result for this include an altered redox potential for the iron sulfur center that could slow down the rate of electron of reduction by electrons that have been transported along the respiratory chain. transfer from ubiquinol (Gatti et al., 1989) or a slower rate of conformational change of the ISP head that mediates
The effect of ctb-1(qm189) on oxygen consumption is not marked compared to its dramatic effect on the transfer from cytochrome b to cytochrome c1 ( Figure  2C) (Darrouzet et al., 2000) . The mutation in ctb-1 could phenotype of isp-1(qm150). For example, ctb-1(qm189) reestablishes a wild-type rate of embryonic developalter both these parameters when ISP-1 is docked on the CTB-1 protein.
ment to isp-1 mutants, which develop two times more slowly than the wild-type (Table 1; Figure 3A ). These A prediction from this hypothesis is that the rate of oxygen consumption of isp-1(qm150) mutants should observations suggest that embryonic development does not require a very high level of respiration and, be decreased and may be partially reestablished by ctb-1(qm189). We directly measured oxygen consumption also, that the level of respiration in isp-1 mutants is just Table 2 ). The longest living animals are not represented in the figure for clarity ( Table 2 ). The significance of these outliers is unclear. The absence of additivity suggests that the two mutations increase life span by the same mechanism. Furthermore, the life span of isp-1;daf-16 double mutants is much longer than that of daf-16 mutants, although somewhat shorter than that of isp-1 (see main text for discussion). Thus, in contrast to daf-2 (Kenyon et al., 1993), the increased life span conferred by the isp-1 does not require daf-16. The graphs shown represent the pooled data of five distinct experiments for each genotype (Table 2) . below a critical threshold below which some physiologistrains, such as those carrying unsuppressed isp-1(qm150), whose development is more than twice as cal functions become severely impaired. long as that of the wild-type, become exposed to paraquat for such a long time that they never complete develResistance to Oxidative Stress One of the main sources of oxidative stress in the organopment and therefore cannot be tested in this way. This does not mean that they are hypersensitive to oxidative ism is the superoxide that is produced when ubisemiquinone species are generated at complex III ( Figure 2D) stress but that the length of their exposure to the toxic effects of paraquat overwhelms any defenses. In agree-(Raha et al., 2000; Raha and Robinson, 2000). Interestingly, the redox potential of the ISP affects the rate of ment with this interpretation, we found that isp-1;ctb-1 mutants, whose development is only 40% slower than semiquinone production (Denke et al., 1998). The semiquinones can donate electrons to oxygen and thus prothat of the wild-type (Table 1) , are very resistant to paraquat compared to the wild-type. As expected (Honda duce superoxide. Superoxide, which is highly reactive, can be detoxified into peroxide (H 2 O 2 ) by the enzyme and Honda, 1999), we also find daf-2 mutants to be resistant by this test. It is of note that this is not a superoxide dismutase (SOD). Peroxide, which is still reactive and can be the source of the highly reactive property of all mutations affecting the respiratory chain in worms. For example, mutants of mev-1, which enhydroxyl radical, can be further detoxified by various enzymes, including catalase. Resistance to oxidative stress in the daf-2 system is lation. To test this hypothesis, we examined the mutants' resistance to oxidative stress produced by an exterior correlated with high levels of expression of sod-3 (Honda and Honda, 1999). To test whether the resistance of source (paraquat). When paraquat is taken up by cells, superoxide is produced under the influence of the intraisp-1 mutants to oxidative stress could be due to a similar mechanism, we tested the level of sod-3 exprescellular redox conditions. The precise action of paraquat can be affected by mitochondrial function and some sion by quantitative RT-PCR. We found high levels of sod-3 in isp-1 mutants, similar to those found in daf-2 caution is therefore appropriate in interpreting its effects. However, resistance or hypersensitivity to para-( Figure 3C ), suggesting that the worms react to the impaired function of the respiratory chain produced by quat has been widely used to test for how cells and organisms are able to cope with oxidative stress (Honda isp-1 (qm150) by increasing protection from ROS. It could appear surprising that the organism reacts to a and Honda, 1999; Ishii et al., 1990). We reasoned that if endogenously produced levels of ROS are low in the decrease in electron transport by increasing resistance to its byproducts. However, in contrast to what happens mutants, they should be able to cope better with the extra oxidative stress produced by paraquat and should in isp-1 (qm150) mutants, impaired electron transport often increases oxidative stress, including in worms be relatively resistant to this compound.
We tested for paraquat resistance by scoring the pro- well as all forms of stress resistance in these mutants, or even entirely due to low endogenous ROS production. On the other hand, isp-1;ctb-1 mutants might have both low endogenous ROS production and increased protection from oxidative stress, which makes it slightly more resistant than the triple (daf-16;isp-1;ctb-1). These findings also indicate that daf-16 is part of the mechanism that increases protection from ROS in response to impaired mitochondrial respiration.
Long Life Span of daf-16;isp-1 A wild-type daf-16 allele is not only necessary for the stress-resistant phenotypes of daf-2 mutations and other mutations in the dauer pathway but also for their long life (Guarente and Kenyon, 2000; Kenyon et al., 1993). We find, however, that daf-16 is not necessary to account for most of the longevity of isp-1(qm150) (Figure 4 ; Table 2 ). This observation shows that isp-1 does not exercise its life-prolonging effects by indirectly regulating daf-2. Also, the high level of sod-3 expression in isp-1, which is suppressed by daf-16, is not necessary for the long life of isp-1(qm150). Although the life span of the double mutant is shorter than the life span of isp-1(qm150), it is still dramatically longer than the life span of daf-16 ( Figure 4 ; Table 2 
1(qm150).
Superoxide, which can generate molecular damage, is generated at complex III of the mitochondrial respiratory chain (see Figure 2D ).
The Effects of isp-1 and daf-2 on Life Span Are
In daf-2 mutants, resistance to oxidative stress is increased, in particular, through the increased expression of enzymatic activities Murakami and Johnson, 1996) . To test whether the same is true for isp-1 mutants, we constructed daftwo mutations were increasing life span independently . Furthermore, the slight 16;isp-1 double and daf-16;isp-1;ctb-1 triple mutant strains. We tested them for sod-3 levels and resistance increase in the mean life span of the double mutant can be entirely attributed to their very slow development to paraquat. We find that daf-16 prevents the increased expression of sod-3 in these strains (Figure 3 and data (the double mutants take 9 days to develop, which is 4 days more than isp-1), and the adult life span of the not shown) but that the triple mutants, whose rapid developmental rate allows them to be tested on paraquat, double is indistinguishable from that of daf-2 (Table 2) . The maximum life span is clearly increased (Table 2) , are as resistant to paraquat as isp-1;ctb-1 or daf-2 mutants. These findings strongly suggest that the increased but this concerns only a very small number of animals (Figure 4) , and the significance of this observation is resistance of daf-16;isp-1;ctb-1 to paraquat is mostly chamber for ‫01ف‬ min. Worms were then collected, pelleted, and 18S rRNA to reach the level of the target gene thus allowing more accurate comparison. PCR products were separated on 1.5% agakept at Ϫ80ЊC for protein quantification.
Not
rose gels and stained with SYBR Gold (Molecular Probes).
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